Particle coalescence refers to the dispersed particles in a suspension sticking to each other through the random collisions. This phenomenon is of vital importance for the process control and mechanical property of the metallic materials, such as Iron-Nickel binary alloy. The present work performed a fundamental study of the composition evolution and coalescence behavior of the Ti-oxide particles in the liquid Iron-Nickel binary alloy. The effect of the titanium addition amount on the composition of the inclusion particles is investigated through the Ti deoxidation experiments. The particle features are characterized by using a potentiostatic electrolytic extraction method. It shows that when the amount of the Ti addition arrives at a certain degree, the state of the oxide particles changes from the liquid to the solid. Meanwhile, the formation of the cluster can occur. The coalescence efficiency and attraction forces of the particles are calculated theoretically. It is found that the coalescence degree of the solid TiO x (x = 1.5-1.67) particle is close to that of the Al 2 O 3 particle. The initial sintering behavior of the particles after coalescence-collision is analyzed by measuring the sintered neck radius. The apparent self-diffusion of the TiO x (x = 1.5-1.67) particle is approximately 1.7 times larger than that of the Al 2 O 3 particle.
Introduction
Due to the excellent mechanical and magnetic properties, Fe-Ni (Ni = 10-30%) alloy has an extensive application in different fields, e.g., magnetic and inductive device manufacturing [1] [2] [3] . Various research issues of Fe-(10-30%)Ni alloy have been performed in previous studies [4] [5] [6] [7] [8] . For instance, Li et al. [4] investigated the solidification structure of the undercooled alloy with different Ni addition. Zeng [5] reported the martensitic structure and hardness in the as-quenched Fe-Ni alloy. Nakada [6] directly observed the martensitic reversion from lenticular martensite to austenite in Fe-29%Ni alloy. Sato and Zaefferer [7] reported the formation mechanism of butterfly-type martensite in this ferrous alloy using EBSD-based orientation microscopy. Besides the research focusing on the solidification and microstructure, the alloy preparation process is vital. One of the most important points in the Fe-Ni alloy manufacturing is to control and optimize the coalescence behavior of the undesirable non-metallic particles in the melt [8] . The particle coalescence in one fluid is of interest in many important processes. It normally occurs among the particles or droplets with the size range from nanometer to several tens of microns [9] . Different stirring methods, for instance Ar-gas stirring and inductive stirring, can promote the coalescence-collision frequency of the particles. Meanwhile, the chemical composition of the particles can also affect the coalescence behavior due to the interfacial energy. The specific interest of this work is to understand the composition evolution and coalescence behavior of the titanium oxide particles in the liquid Iron-Nickel binary alloy.
It is well known that the precipitation of the nonmetallic particles, referred as 'inclusion' from herein, is un-avoided due to the effects of such interstitial element such as oxygen. Many research investigations [10] [11] [12] [13] [14] [15] have been performed to investigate the behavior of the non-metallic inclusion in the liquid metal. One effective solution of optimizing the inclusion coalescence is to use the complex deoxidation [11] [12] [13] [14] [15] . A weaker deoxidizer (e.g., Ti) is firstly added into the melt to form the oxides. Afterward, a stronger deoxidizer (e.g., Al, Mg, Ca) is added to further decrease the oxygen content in the melt [11] . The addition amount of the deoxidizers needs to be carefully evaluated. As a typical example, different oxide phases can be precipitated with different amount of the titanium addition. A large number of works have been reported [16] [17] [18] [19] [20] [21] to describe the equilibrium reactions in the Fe-Ti-O system. However, a detailed study of the TiO x inclusion behavior with different amount of the titanium addition is not available in the open literature. In this work, different amount of titanium is used in the laboratory-scale deoxidation experiments to identify a precipitation boundary of the different phases. Furthermore, the coalescence behavior of the inclusions is analyzed through both the experimental observation and theoretical consideration. The obtained understanding can be applied in a comprehensive study of the particle behavior in different metallic alloys, such as aluminum-copper alloy [22] .
Experimental methods

Metal sample preparation
Sample preparation experiments were carried out by charging a Fe-10 mass%Ni alloy (* 160 g) in a highfrequency induction furnace with an argon gas protection. A graphite susceptor was installed between a high-purity Al 2 O 3 crucible and induction coil to avoid the induction stirring. The melt composition became homogeneous after 20 min at a constant temperature as 1873 K. After that, the melt was deoxidized using different amount of the Ti addition as 0.03%, 0.1% and 0.2%, respectively. The reader is referred to Ref. [11] for the detailed sampling procedure. The sample time and chemical compositions of each specimen are summarized in Table 1 . The dissolved titanium content in the specimens was analyzed using the highfrequency inductively coupled plasma atomic emission spectrometry (ICP-AES). We refer Ref. [23] for more details of the equipment. The total oxygen content in the samples was determined using an inert gas fusion-infrared absorptiometry [24] . The dissolved oxygen content is estimated by (O total -O insol ), where O total and O insol are total and insoluble oxygen content of the specimen. O insol is obtained from the chemical analysis of insoluble Ti content in inclusion. The details can be seen in Ref. [14] .
Inclusion characterization
The inclusion characteristics in the metal specimens were observed with a three-dimensional potentiostatic electrolytic extraction (E.E.) method. The detailed experimental parameter for E.E. was described in a previous study [11] . The investigation was performed using a scanning electron microscope (SEM) in combination with an energy-dispersive spectroscopy (EDS) at a magnification of 1000 9-10,000 9. The working acceleration voltage of SEM-EDS is between 15 and 20 kV according to the specific resolution, and the beam size of the spot analysis is about 1-2 lm. The calibration material is the pure Fe (= 99.99%). The SEM images were measured using an image software WinROOF Results and discussion Chemical composition of inclusion Table 2 shows the chemical mapping images of the typical oxide inclusions with different amount of the titanium addition. In order to see a broader image of more particles, the lower magnification of SEM micrographs is provided in Fig. 1 . The concentration of Fe and Ti in the inclusions at the sampling time t = 1 min is plotted in Figs. 2, 3 and 4. In the case of Ti = 0.03%, the observed inclusions are the single spheres rather than the clusters. The technical word 'cluster' is defined as a group of the agglomerated inclusions. The size range of the single inclusions is from 1.1 up to 6.1 lm, and the Fe/Ti ratio is larger than 5.5, as is shown in Fig. 1 . For the case Ti = 0.1% (see Fig. 2 ), both the single spheres and clusters are found with the size range as 1.1-3.7 lm and 4.5-14.2 lm, respectively. The Fe/Ti ratio is larger than * 1.2 in most of the single spheres and smaller than * 0.1 in the clusters. When the amount of the titanium addition increases from 0.1 to 0.2%, both the single inclusions (1.1-3.4 lm) and clusters (6.3-12.4 lm) are identified as well, as is shown in Fig. 4 . However, the single inclusions have a polygonal shape instead of a spherical shape. Meanwhile, the ratios of Fe/Ti (\ 0.04) in both the single inclusions and clusters are quite small. Figure 5 shows a binary phase diagram of the FeOTiO 2 system [20] . Using the above-mentioned Fe/Ti ratio, the mass percentage of the FeO phase in the inclusions is estimated and summarized in Table 3 . It can be seen that for the case of Ti = 0.03%, the inclusions with a high FeO content ([ 81%) are liquid at the experimental temperature of 1873 K. When the coalescence-collision among the liquid inclusions occurs, the agglomerated droplets will form into one large droplet. Since the turbulent flow is avoided in the experiments, the liquid inclusions can maintain the spherical shape. Analogously, most of the single spheres (FeO [ 48%) are liquid at the same temperature in the case of Ti = 0.1%. But the observed clusters are solid due to the low FeO content (\ 7%). In the case of Ti = 0.2%, both the single inclusions and clusters with the low FeO content (\ 3%) are solid.
Thermodynamic consideration of critical Ti content
Different phases can be precipitated using different titanium amount [16] in the Fe-Ni deoxidation. Suzuki et al. [17] reported that the FeO solubility in the TiO 2 phase is much higher than that in the Ti 3 O 5 phase. And the liquid FeO cannot be dissolved into the Ti 2 O 3 phase. The high erosion resistance of the Ti 2 O 3 phase with respect to the liquid FeO was mentioned by Xuan et al. [26] as well. Thus, the thermodynamic data of the TiO 2 reaction are selected as an approximation of the TiO x -FeO reaction. The different types of titanium oxide reactions are given by Reaction ð1Þ:
Reaction ð2Þ: Reaction ð3Þ:
where K is the equilibrium constant. a i is the activity of i. Table 4 . Figure 6 shows the equilibrium curve simulated using Eqs. (1) It is clear to see the concentrations in all the three cases toward the equilibrium curve with the increased time. Particularly, the concentration in the case of Ti = 0.1% has almost arrived at the equilibrium state after t = 30 min. In the Fe-Ti-O system at a constant temperature as 1873 K, both Hadley et al. [27] and Suzuki et al. [28] identified a boundary content [Ti] & 0.04% between the TiO x -FeO and TiO x precipitation in the equilibrium state. According to chapter 3.1 and Fig. 5 , the experimental observation in this work shows a good agreement with the equilibrium boundary in the literature. It indicates that the amount of the titanium addition needs to be smaller than 0.1% to avoid the cluster formation in the melt that includes a total oxygen O = 0.015%. Theoretical analysis of solid TiO x coalescence behavior
The coalescence behavior of the un-wetting inclusions in the melt depends on different factors. The turbulent flow can facilitate the coalescence efficiency of the inclusions. Meanwhile, the attraction forces among the inclusions can also affect the coalescence efficiency. When an effective coalescence-collision occurs, the sintering of the contacted parts of the inclusions can occur due to the solid-phase diffusion. In this section, the coalescence behavior of the TiO x (x = 1.5-1.67) solid inclusion is theoretically studied from above-mentioned perspectives. As a typical inclusion type, the Al 2 O 3 inclusion is also analyzed for a comparison.
Coalescence coefficient of turbulent collision
The coalescence coefficient, a, of the turbulent collisions is formulated by an expression [29, 30] :
where r is the equivalent radius of the inclusion. q = 7000 kg/m 3 denotes the density of the melt, e = 0.01 m 2 /s 3 [31] is the dissipation rate, and l = 0.006 kg/m s is the viscosity of the melt. A 121 is the Hamaker constant of the solid particle in the melt and is given by [32] .
where 
where c H 2 O ¼ 0:0728 N/m is the water surface tension [35] . The contact angle (h) of both TiO 2 (67°± 2°) and TiO x (x = 1.5-1.67) (18°± 5°) in contact with the water reported by Kuscer et al. [36] is selected for the calculation. The Hamaker constant of the water equals 4.38 9 10 -20 J [33] using the Lifshitz equation. Combining Eqs. (7)- (9), the Hamaker constants, A 11 , of the TiO 2 and TiO x (x = 1.5-1.67) phases are calculated. In the case of the TiO 2 phase, the A 11 equals 16.3 9 10 -20 -17.8 9 10 -20 J that has a good agreement with the reported data (15.3 9 10 -20 -17.3 9 10 -20 J [37]) using the Lifshitz equation. Thus, the selection of Kuscer et al. [36] data is validated. In this work, the calculated Hamaker constant of the TiO x (x = 1.5-1.67) phase equals A 11 = 31.9 9 10 -20 J. Table 4 Equilibrium constants for reactions (1)- (3), interaction parameters for Fe10%Ni system at 1873 K Using the size r = 1 lm as an example, the coalescence coefficient of the TiO x inclusion a = 0.46 is quite similar to that of the Al 2 O 3 inclusion a = 0.50 [34] .
Attraction force due to wettability
When the two inclusions with the low wettability arrive at a certain distance, a void region starts to form between the inclusions by ejecting the melt. The critical distance of the melt ejection is described using Eq. (10) [38] .
where c = 1.75 N/m [35] is the surface tension of the melt. h is the contact angle between the solid inclusion and melt. P = qgh is the static pressure of the melt. d denotes the critical distance. The attraction of the inclusions is driven by the cavity bridge force. The cavity bridge force, F C , describes the sum of the pressure difference (DP = 3.86 9 10 3 Pa [39] ) between the void region and melt, and the melt surface tension. It is formulated using the Fisher equation [40] 
When the inclusions are in contact with each other, the cavity bridge force can reach maxima, as is shown in Fig. 7 . The parameter R is the radius of the void region that is formulated by using the model of Sasai [39] 
According to Eqs. (10)- (12), it is clear that for the same inclusion depth in liquid metal (h), the surface tension of liquid metal (c) and the inclusion size (r), the attraction degree difference between TiO x and Al 2 O 3 inclusion only depends on the contact angle (h) difference. Consequently, the selection of the contact angle with a high accuracy is quite important for this quantitative comparison. At the constant temperature as 1873 K, only one contact angle result h = 128°± 2° [26] is found for the TiO x (x = 1.5-1.67)/Fe system in the literature. The total oxygen content in the Fe sample after the experiment was smaller than 88 ppm [21] . Humenik and Kingery [41] reported a smaller value h = 119°at a lower temperature as 1823 K. According to Xuan et al. [26] , the interfacial reaction does not occur between the TiO x substrate and the iron. In the case of the non-reactive wetting, the spreading rate of droplet is determined by the viscous flow of the melt [42] . The time length for a small metal droplet with a size of millimeter scale to reach the capillary equilibrium state is shorter than 0.1 s [43] . Due to the high corrosion resistance of the TiO x , the contact angle h = 128°± 2°at 1873 K is selected for the analysis.
The results of the contact angle between the Al 2 O 3 substrate and liquid iron/ferrous alloy are quite scattered even though a lot of work [26, 41, [44] [45] [46] [47] [48] [49] [50] [51] are reported. Since the spreading behavior of the metal droplet on the Al 2 O 3 substrate depends on both the viscous flow and the interfacial reaction that is given as:
the precipitation of the FeAl 2 O 4 phase at the interface leads to a change on the contact angle. Thus, both the oxygen in the melt and the oxygen partial pressure (PO 2 ) of the protective atmosphere need to be controlled to decrease the effect of the reaction layer. Ogino et al. [44] reported a contact angle h = 132°at the temperature as 1873 K. The total oxygen in the melt was below 25 ppm after the solidification, and the precipitation of the reaction layer was almost avoided. Kapilashrami et al. [45] reported the same contact angle with the uncertainty of ± 4°at the same temperature. The dissolved oxygen content in the metallic sample after the sessile drop measurement was below the minimum capability of the detection. The same contact angle was also suggested by Poirier et al. [46] using a statistical method. The contact angle between the TiO x or Al 2 O 3 substrate and the Fe-Ni alloy is not available in the literature. Because of the high similarity of the atomic size between nickel and iron, it is assumed that the contact angle difference between the Fe-10%Ni system and the pure Fe is small. Substituting the above- (11) and (12), the calculated cavity bridge force of the TiO x inclusion F C = 4.5 9 10 -6 N is smaller, compared with that of the Al 2 O 3 inclusion F C = 4.9 9 10 -6 N. However, this slight difference can be neglected considering the uncertainty degree of the contact angle measurement.
Agglomeration of the oxide particles at the surface of the molten alloy
Besides the inclusion coalescence in the matrix, its collision behavior at the melt surface is also vital for the removal efficiency of impurity particles. The mechanism of the latter case is different with the former one. Specifically, the attraction of the inclusion at the melt surface is mainly driven by the capillary force (F) [52, 53] . Kralchevsky et al. [54] and Paunov et al. [55] originally derived a capillary force model for this study. In the model, both the energy balance and force balance between the two particles on the melt surface were presented. The change of the capillary interaction energy, DW, between the two spherical inclusions with a separation distance L is given by [54, 55] .
where Q k and Q k? are the effective capillary charges at the separation distance as L and infinity. h k and h k? denote the height differences of the meniscus at the separation distance as L and infinity. The subscript k represents inclusions 1 and 2 in an aggregate pair. We refer Ref. [52] for more details of the parameter determination. O(x) is the zero function of the approximation. The parameter q denotes the density ratio between the inclusion and alloy. The attractive capillary force, F, at the different distances (L) gives
The change of the capillary interaction energy DW can be calculated by the contributions from wetting, meniscus surface free energy part and gravity. A simplified model to evaluate the capillary force can be expressed as Eq. (16). The details of the equations deviation can be found elsewhere [52, 53] .
where Q 1 and Q 2 are effective capillary charges of inclusions 1 and 2 when the distance between two inclusions is L. The physical parameters including surface tension of liquid metal (c), density of nonmetallic inclusions (q i (i = 1, 2)), contact angle between liquid melt and inclusion (h) are used to represent different types of inclusions. The physical parameters data selection can be seen in Ref. [53, 56] . This model has been validated using the confocal laser scanning microscopy, and the results are plotted in Fig. 9 . The case of two inclusions in a pair with the same radius of 1 lm is considered as well for (x = 1.5-1.67), the exact attraction force is not able to be reported due to the lack of the physical data. However, this force is believed to be between that of the Ti 2 O 3 and TiO 2 inclusions according to the influence of the density and contact angle. It is reported that the contact angle and inclusion density are the key factors on influencing the attractive capillary force [53] .
Initial sintering of inclusions in melt
According to the theory of the kinetic sintering of the attached solid particles, the relation between the radius of sintering inter-neck (x) and the sintering time is described as [57] [58] [59] 
The sintering time at the initial sintering stage is set as t = 1 min in the current discussion. m and n are the constants related to the different sintering mechanisms. The regime of the sintering mechanism can be determined by plotting the gradient between logarithm of x/r and 2r. The measured gradient of the TiO x case in this work (= -0.6) is the same as that of the Al 2 O 3 case in a previous study [34] . It corresponds to the volume diffusion mechanism (n = 5, m = 2) [57] . A(T) denotes a temperature-dependent function of the solid sintering in an atmosphere medium and is given as [57] .
where K is a constant that depends on the geometry of the sample and the diffusion path. According to the measurement, the center-center distance between the two sintered TiO x inclusions is shorter than 2r.
Thus, the value of K = 80 is selected based on the research of Kingery and Berg [57] . c s is the surface tension of the solid inclusion, s 3 is the vacancy volume of the solid inclusion, D is the apparent selfdiffusion coefficient, and k is Boltzmann's constant (1.3807 9 10 -23 J/K). The above-mentioned parameters are summarized in Table 5 . In the case of the inclusions in the melt, the driving force of the external pressure, P 0 , on the solid sintering needs to be included by using the Coble's model [60] . Thus, the final set of A(T) is given by.
The external pressure on the inclusions in the melt at the initial sintering stage is expressed as
It is assumed that of the external pressure including two terms. The first term is the static pressure of the melt. The second term is the pressure difference DP = 3.86 9 10 3 Pa [39] between the void region and the melt. The sampling depth in the melt h = 0.1 m is used. In order to obtain the value of the sintered neck radius (x) and inclusions radius (r), more than 60 inter-necks of the TiO x clusters in the sample Ti = 0.2% (t = 1 min) were measured using the image analyzer WinROOF Ò . Figure 10 shows the schematic illustration of neck radius measurement. The measured parameters of the TiO x inclusions in this work and the Al 2 O 3 inclusions [34] in our previous study are summarized in Table 5 . Using the above- mentioned set of equations, the self-diffusion coefficient D = 1. 
Conclusions
The focus of the present work is the composition evolution and coalescence behavior of the titanium oxide particles in the Iron-Nickel binary alloy melt. The important conclusions were drawn here.
1. The morphology of the observed inclusion in Fe10%Ni melt has a tendency to change from a single sphere to an agglomerated cluster with the increase in Ti content. 2. The chemical ratio of Fe/Ti decreases obviously with the increasing Ti addition amount from 0.03 to 0.2%, which leads to the inclusion evolution from the liquid to the solid. 3. Both the experimental results and thermodynamic calculation indicate that the amount of the titanium addition needs to be smaller than Ti = 0.1% to avoid the cluster formation in the melt that includes a total oxygen as 0.015%. 4. The coalescence degree of the TiO x inclusion in the liquid alloy matrix is smaller but closed to that of the Al 2 O 3 inclusion. The similar conclusion can be made for the case of inclusion coalescence at the melt surface, even if the mechanism is the attraction capillary force. 5. The apparent self-diffusion of TiO x for solid sintering is calculated to be about 1.7 times stronger than that of Al 2 O 3 . This calculation leads to a statement that TiO x cluster can build up a stable structure more easily compared with Al 2 O 3 .
